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From apparent attenuation
towards physics-based source
terms – a perspective on
spectral wave modeling
in ice-covered seas
Agnieszka Herman*

Institute of Oceanology, Polish Academy of Sciences, Sopot, Poland
Numerical modeling of waves in sea ice covered regions of the oceans is

important for many applications, from short-term forecasting and ship route

planning up to climate modeling. In spite of a substantial progress in wave-in-ice

research that took place in recent years, spectral wavemodels– themain tool for

wave modeling at regional and larger scales – still don’t capture the underlying

physics and have rather poor predictive skills. This article discusses recent

developments in wave observations and spectral wave modeling in sea ice,

identifies problems and shortcomings of the approaches used so far, and

sketches future directions that, in the opinion of the author, have the potential

to improve the performance of wave-in-ice models.
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1 Introduction

The marginal ice zone (MIZ) is a transition zone between sea ice and the open ocean, a

region of strong, complex interactions and feedbacks between the ocean, sea ice and

atmosphere, challenging for numerical modeling and for conducting observations

(Dumont, 2022; Horvat, 2022). The growing interest in MIZ processes in recent years

manifests itself in increasing numbers of in situ, satellite-based and laboratory

observational campaigns, as well as theoretical and numerical studies. The progress is

substantial and multidirectional owing to interdisciplinary efforts of physicists,

mathematicians, oceanographers, numerical modelers and many others. A crucial

component of the MIZ system, often seen as one of its defining features, are sea ice–

wave interactions. They have been studied for many years (Squire, 2018, 2020; Shen, 2022;

Thomson, 2022), but most research has focused on just a narrow subset of phenomena

involved. From among the main groups of processes accompanying wave evolution in
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sea ice – including wave generation by wind, energy dissipation,

scattering, nonlinear wave–wave interactions, wave-induced ice

stresses, kinematics and dynamics of ice floes, ice breaking by

waves – scattering, viscous damping, as well as the net

attenuation of wave energy in ice attracted most attention.

Reviewing waves-in-ice research is far beyond the scope of this

paper. Instead, it concentrates on spectral (phase-averaged) wave

modeling, which, at least in the foreseeable future, is the only

practically applicable method for wave simulations over regional

and larger scales.

Spectral models are relatively efficient computationally, can be

easily coupled with models of ocean circulation and/or atmosphere,

and – in ice-free areas – are a well-established, reliable, versatile

tool, applicable over a wide range of water depths, and wind and

current conditions (see, e.g., Cavaleri et al., 2018, for a review). In

many cases, satisfactory results are obtained with default model

settings, without extensive calibration, provided that a suitable set of

source terms is used. At present, we are very far from making

spectral models comparably versatile in sea ice. Relatively crude

parameterizations are used with the aim to reproduce the observed,

highly variable attenuation rates, with coefficients that have to be

fitted to a particular location and conditions – a procedure that

limits the predictive power of models and ignores intricacies of the

underlying physics. The goal of this paper is to discuss major

problems and limitations of the recent research efforts directed at

extending the applicability of spectral wave models to ice-covered

regions, and to provide a perspective on promising future

directions. It is a personal attempt of the author at organizing

ideas that have been circulating within the wave-in-ice community

in the last years and that, in many different variants, can be found in

the studies cited throughout the paper.
2 Spectral wave models: the basics

The equation solved by spectral wave models describes

evolution of the wave energy spectrum in a five-dimensional

space (t, x1, x2, f , q), where t denotes time, (x1, x2) are horizontal

coordinates, f is wave frequency and q wave direction. In the

absence of ambient currents we can, for the sake of simplicity,

formulate this equation in terms of wave energy density E instead of

wave action N (e.g., Holthuijsen, 2007); we have:

DE
Dt

= Sin + Snl + Sds, (1)

where D=Dt = ∂ = ∂ t + cg ,j ∂ = ∂ xj + cf ∂ = ∂ f + cq ∂ = ∂ q , cg,j is the

group velocity in direction xj (j =  1, 2), and cf , cq are propagation

velocities in the spectral space (f , q). The source terms on the right-

hand side of (1) describe three groups of processes: wave energy

input by wind Sin, energy transfer in the spectral space Snl, and

energy loss due to dissipation Sds. Each of Sin, Snl and Sds can be a

sum of several terms, representing different physical mechanisms of

energy production, redistribution or dissipation, e.g., a linear and an

exponential growth term contributing to Sin, triad and quadruplet

wave–wave interactions, or whitecapping, bottom friction, and

other dissipation mechanisms. Crucially, all source terms in (1)
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describe local changes of energy, that is, they are computed from the

instantaneous energy spectrum E(f , q), water depth, wind velocity,

sea bottom roughness, and possibly other relevant variables in a

given grid cell of the model. Due to spatial and temporal variations

of these quantities, different combinations of source terms are

‘active’ in different areas of the geographic space and in different

frequency and direction regions of the spectral space. This means

that making inferences about individual source terms from

observations of spatial changes of wave energy is very difficult,

even in highly idealized conditions of stationary sea state ( ∂ E= ∂ t =

 0), no refraction (cq =  0) and no currents (cf =  0). The energy of a

given spectral component at some point B in space depends not

only on the energy of that component at a point A located at some

distance dAB in the up-wave direction, together with the total effect

of all source terms integrated over the line AB, but also on energy

spectra and source terms in a wide up-wave region (green-shaded

area in Figure 1). The reason for that are wave–wave interactions

Snl, as well as other source terms, as many of them depend on

spectral characteristics integrated over the entire spectrum or its

subset (like, e.g., the mean wave steepness computed over frequency

bands of width Df). In short, the wind wave field over a given area

develops as an entity and no individual spectral component can be

analyzed in isolation from the others.

The above is true, of course, independently of whether sea ice is

present at a given location or not. If it is present, however, the

situation is particularly challenging as the list of variables that

influence wave energy sources and sinks, and thus the

dimensionality of a model’s parameter space, is much longer than

in open water. It includes ice concentration, thickness and floe size

distribution, top and bottom surface roughness, and a set of ice

mechanical properties. Moreover, the presence of open-water

patches, typical of the MIZ, means that waves propagate through

a mosaic of (different types of) ice and water – a complex medium in

which the net generation, propagation and dissipation of wave

energy is likely different than in each individual component of that

mixture alone. This complexity generally tends to be

underappreciated by the wave-in-ice modeling community. The

rest of this paper discusses challenges that it brings and possible

ways out towards more reliable models.
3 Observations and interpretation of
wave attenuation in sea ice

Waves in sea ice are measured using several different

techniques, including, but not limited to, in situ observations by

means of buoys or accelerometers placed on the ice (e.g., Squire and

Moore, 1980; Cheng et al., 2017; Voermans et al., 2019; Kohout

et al., 2020; Wahlgren et al., 2023), analysis of ship motion (e.g.,

Collins et al., 2015), remote observations from ships by stereo

imaging (e.g., Smith and Thomson, 2019; Alberello et al., 2022) and

from aircrafts by laser scanning (Sutherland and Gascard, 2016;

Sutherland et al., 2018), satellite-based methods (e.g., Stopa et al.,

2018a, b; Horvat et al., 2020; Brouwer et al., 2022; Huang and Li,

2023), or, recently, distributed acoustic sensing of seafloor cables

(Smith et al., 2023). Taken together, the result of this observational
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effort is a large, very valuable body of data encompassing thousands

of measured wave energy spectra. However, as will be argued below,

several factors limit the usefulness of large parts of that data for

formulating models of wave evolution in sea ice, independently of

whether these models are data-based or physics-based. The

associated problems can be broadly divided into two groups, the

first one related to the determination of wave energy changes with

distance, and the second – to the attribution of those changes to

particular combinations of ice properties and forcing acting on it.

Many of the problems from the first group are related to the

limited number of locations at which observations are made. Even

extensive field campaigns (e.g., Cheng et al., 2017) are limited to a

few data points. SAR- and other satellite-based studies rely on very-

high resolution imagery, which typically has small spatial extent, so

that often only a single energy spectrum per image can be derived

(as, e.g., in Stopa et al., 2018b, who compared a single spectrum per

satellite image with a corresponding open-ocean spectrum from a

numerical wave model). As a result, analyses based on that data

reduce to comparisons of spectra from two data points (notably,

even if more than two buoys are used, they are often analyzed on a

pairwise basis, as in, e.g., Cheng et al., 2017; Kohout et al., 2020;

Montiel et al., 2022). If we denote those two locations by A and B,

then the so-called apparent attenuation coefficient aa is computed

as (e.g., Stopa et al., 2018b; Kohout et al., 2020; Alberello et al., 2022;

Montiel et al., 2022):

aa = −
log (EB=EA)

dAB
, (2)

where EA and EB denote the energy of a given spectral

component at A and B, respectively, and dAB is the distance

between A and B (corrected for wave propagation direction).

Thus, aa represents the net change of the energy of that

component along the line segment AB. As already discussed, this

change depends on the sum of all processes shaping the energy

spectra over a large area up-wave from B. Crucially, the assumption

underlying Equation (2) is an exponential change of wave energy
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with distance x:

dE=dx = −aaE : (3)

Although many studies claim that observations consistently show

exponential wave attenuation in sea ice, the solid observational

evidence for Equation (3) is in fact rather limited. Only very few

papers actually present least-square fits of Equation (3) to

observational data – which, obviously, requires several data points

that can be fitted. Even fewer studies consider alternative forms of dE/

dx. Good fit with Equation (3) was reported for field data by Squire

and Moore (1980) and most, but not all cases in Wadhams et al.

(1988). Stopa et al. (2018a) found difficulties in fitting single

exponential curves to their SAR-derived wave heights and opted

for piecewise fitting instead, with two very different exponential

curves close to the ice edge and deeper inside of the MIZ. Strong

dependence of attenuation on distance from the ice edge was also

found by Hosěková et al. (2020). Recently, Huang and Li (2023) fitted

exponential curves to satellite-derived profiles of wave heights

(consisting of more than 10 data points), but high scatter in their

data makes it difficult to estimate whether other functional forms

would provide a better fit. Also, both Stopa et al. (2018a) and Huang

and Li (2023) analyzed changes of the total wave energy (i.e.,

significant wave height), so that nothing can be said about

frequency-dependent attenuation based on their data. The evidence

for linear attenuation, at least in some cases, was reported by Montiel

et al. (2018) and Brouwer et al. (2022). Herman et al. (2019) found

non-exponential attenuation in laboratory data. On theoretical

grounds, some physical mechanisms of wave attenuation lead to an

exponential change of wave energy with distance (e.g., scattering;

Montiel et al., 2016), and some do not (e.g., turbulent dissipation in

the under-ice boundary layer; Kohout et al., 2011; Herman, 2021).

Thus, Equation (3) should not be seen as a universal attenuation

model for sea ice, valid in all ice and forcing conditions.

It is often argued that even though individual physical processes

affecting wave propagation in sea ice might produce non-

exponential, spatially varying attenuation, their net effect over
FIGURE 1

Wave propagation in the marginal ice zone. Background photo is a MODIS Terra image from April 23, 2022 (source: https://worldview.earthdata.
nasa.gov/), showing a fragment of the MIZ along the eastern coast of Greenland. The cartoon in the foreground illustrates transformation of the
wave energy spectra (insets) along a line AB oriented along the mean wave direction. In a ‘standard’ way, the apparent attenuation between A and B
is computed from Equation (2), i.e., based on wave energy at A and B only; in reality, the spectrum at B is a net effect of wave energy production,
redistribution and dissipation within the green-shaded area.
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sufficiently large distances can be well approximated with an

exponential curve (see, e.g., Shen, 2022). Considering the

problems with the apparent attenuation described above, the

urgent question is not whether this statement is true or not, but

rather – even if it is true – whether such “long-distance attenuation”

might be useful for spectral wave modeling. Is it a promising

concept that might lead to improved predictive power of models,

or to an improved understanding of sea ice and wave physics? It is

very unlikely. Attenuation coefficients averaged over long distances,

time periods and ice types might provide a stable estimate of an

“effective” attenuation in a given area, as showed by Voermans et al.

(2022), but it is hard to imagine how such an estimate, based on a

single-transect approach and very specific assumptions

(unidirectional waves, exponential attenuation, etc.), could be

used to construct an input for a spectral wave model, i.e., a map

of attenuation coefficients over a large area that must be valid for

arbitrary wave directions and propagation paths under time-

varying forcing. Such an approach might be useful for computing

rough estimates of the MIZ width, or, possibly, for climate

modeling, but definitely not at synoptic and similar time scales,

when the goal is to reproduce details of a single weather event and

to capture changes in attenuation related, e.g., to a sudden ice

breakup (Collins et al., 2015; Ardhuin et al., 2020) or temporal

variability of wind speed and direction. Rabault et al. (2024)

demonstrated recently how sensitive wave evolution in sea ice is

to short-term fluctuations of sea ice properties and forcing.

In fact, the usage of apparent attenuation computed over large

distances makes the problems from the second group mentioned

above even worse. The larger the distance over which the apparent

attenuation is computed, the more likely the assumption of

homogeneous conditions is violated (the size of the green area in

Figure 1 increases), the larger the number of factors that potentially

contribute to the net wave evolution, and the more difficult it is to

collect relevant data on ice properties, without which the observed

net attenuation rates cannot be interpreted in any way useful for

formulating ice-related source terms. On top of all that, long-

distance attenuation can be measured only when attenuation rates

are sufficiently low so that the wave energy at both ends of the

analyzed profile is higher than the noise level associated with the

measuring technique used. This is particularly problematic for short

waves and may lead to various spurious effects in the estimated

attenuation rates (e.g., Thomson et al., 2021).
4 Spectral wave modeling in sea ice

If sea ice is present in a given grid cell of a spectral wave model,

several terms in the energy balance Equation (1) might change,

depending on ice type and properties. On the left-hand side of

Equation (1), if the dispersion relation differs from that valid in open

water, the group velocity is different and, if ice properties vary in space,

cq is nonzero leading to refraction. Hence, DiceE=Dt replaces DE=Dt.

On the right-hand side of Equation (1), the modifications are twofold.

First, the form of all three groups of source terms might be different in

ice-covered and ice-free areas. Second, new source terms might be

necessary to represent physical processes specific for sea ice, which are
Frontiers in Marine Science 04
absent in open water. We have:

DiceE
Dt

= (1 − A)(Sin + Snl + Sds) + A(Sin,ice + Snl,ice + Sds,ice

+ Ssc,ice + Sdsi,ice), (4)

where A denotes ice concentration, Sin,ice, Snl,ice and Sds,ice are

analogous to Sin, Snl and Sds, i.e., represent wind input, wave–wave

interactions and dissipation in ice by processes analogous to those

present in open water (e.g., deep-water wave breaking), Ssc,ice denotes

a source term representing scattering, and Sdsi,ice is a group of source

terms describing all ice-specific dissipation mechanisms (e.g., viscous

dissipation, floe breaking, floe collisions, etc.). An assumption behind

Equation (4), made in essentially all spectral-modeling studies, is that

the net effect of all physical processes modifying the energy spectrum

in an area (a model grid cell) covered with a mosaic of ice and water

can be computed as a linear combination of contributions from ice

and water, disregarding their subgrid-scale spatial pattern. Another

assumption is that Sin,ice, Snl,ice and Sdsi,ice are simply scaled versions of

Sin, Snl and Sds, respectively, that is:

DiceE
Dt

= (1 − A + ainA)Sin + (1 − A + anlA)Snl + (1 − A

+ adsA)Sds + A(Ssc,ice + Sdsi,ice), (5)

where ain, anl and ads are constant coefficients. Usually, they are

treated in a binary manner, i.e., they are assigned a value of 0 or 1,

which amounts to switching the respective processes on or off (e.g.,

Rogers et al., 2016; Liu et al., 2020). For instance, the default setting

in SWAN is ain =  0 and ads = anl =  1 (SWAN Team, 2022), and in

WaveWatchIII ain = ads =  0 and anl =  1 (WAVEWATCH III

Development Group, 2019). Generally, treating ain, anl, ads as

binary switches reflects our limited understanding of the

underlying physics. Recently, acknowledging the fact that the

wind input over ice is likely reduced compared to that over open

water, but not zero (see, e.g., Rogers et al., 2016), Cooper et al.

(2022) arbitrarily set ain = 0.5 and showed that locally generated

waves have a considerable impact on wave evolution in the MIZ.

Based on theoretical arguments, Herman and Bradtke (2024)

argued for ain = 0.56, anl = ads = 1 in fetch-limited, strongly

forced waves in coastal polynyas with frazil streaks, and

demonstrated that this combination of source terms allows to

reproduce observed wave growth patterns there. Importantly, they

also showed that, in a general case, ain is not a constant, but depends

on wave frequency and wind speed.

As for the ice-specific source terms, physics-based

parameterizations suitable for direct implementation in spectral

wave models have been formulated for energy-redistribution by

scattering (Ssc,ice; Meylan and Bennetts, 2018), with some serious

limitations as discussed in (Montiel et al., 2024); for turbulent, floe-

size dependent dissipation in the under-ice boundary layer

(Herman, 2021); and for flexural and viscoelastic damping (see

Shen, 2022, and references therein). In most applications, however,

the net Sdsi,ice is parameterized as a simple power series Ssc,ice =

cgaiceE with aice =onanf
n and one or more coefficients an

different from zero (an are either constant or dependent on ice

thickness, see, e.g., Rogers et al., 2018a, Rogers et al., 2018b, for an
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overview). The values of n predicted by theoretical models of

individual physical processes generally tend to be much higher

than observed ones, which usually lie in the range 2<n<4

(Meylan et al., 2018).
5 A simple numerical experiment

Let us consider a very simple numerical experiment, in which the

apparent attenuation coefficients are computed from the results of a

few runs of a spectral wave model set up for an idealized, one-

dimensional MIZ (Figure 2; details of simulations can be found in

the Supplementary Material). The model is run Nr = 6 times with

arbitrarily set values ain = 0.5 (as in Cooper et al., 2022), anl = ads =  1

and aice ∼ f 5, for very weak, moderate and strong wind forcing. For

each one of the Nr resulting wave energy profiles E(x1, f ), a series of

aa values is computed from Equation (2), for varying dAB. As can be

seen (color points in Figure 2), in spite of the very small number of

cases tested, a remarkably broad cloud of aa values is obtained,

depending on input energy spectra, wind speed and, crucially,

“measurement” locations. Without doubt, Nr is too small for any

statistical analysis, and the results are sensitive to the particular model

settings used. Nevertheless, this simple example provides very

instructive insights. First, at all frequencies aa <  aice, and the

differences tend to increase with increasing dAB: the further points A

and B are from each other, the poorer approximation ofaice is obtained

from aa. Thus, the upper envelope of aa values seems to provide a

better estimate of aice than the mean. When the mean aa over all

observations is used, the resulting slope of the aa(f ) curve is much
Frontiers in Marine Science 05
lower than aice (3.2 versus 5.0 in our example). aa is close to aice only

for swell waves with very narrow directional and frequency spreading,

and at small distances. Notably, as each of the Sin, Snl and Sds terms has

its own spectral characteristics, different frequency bands have different

sensitivity to the “action” of these terms, which in turn influences

differences between aice and aa.

Considering the complexity present in this highly idealized case,

it is easy to imagine how difficult is an inverse task of finding aice

based on measured spectra from just two points (e.g., Rogers et al.,

2016), with incomplete data on ice properties, and the unknown

form of Sice, ain, anl, ads and possibly several other terms on the

right-hand-side of Equation (5).
6 Discussion: towards more versatile
wave models for ice-covered seas

Remarkably, many of the problems described so far have been

identified already in 1980s (e.g., Wadhams et al., 1988). The fact

that after more than three decades of research we are still far from

solving them suggests that a change of perspective might be

necessary, because our efforts so far – in spite of many successes

– have led to only limited improvements in the performance of

spectral models in sea ice. Undoubtedly, one of the most important

factors limiting the progress is the lack or incompleteness of

information on ice properties accompanying wave measurements.

In many cases, ice concentration is the only known variable,

possibly combined with some estimates of ice type and thickness.

Thus, laboratory-and model-supported estimates of the relevant

model parameters seem particularly valuable (e.g., Cheng et al.,

2018; Herman et al., 2019, and many others), as are insights from

coupled wave–ice models (e.g., Boutin et al., 2018; Roach et al.,

2019, 2020). Obviously, however, the models are only as good as the

parameterizations used in them.

Based on our wave-in-ice modeling experience so far, it seems

reasonable to formulate the fol lowing guidel ines for

further research:
• There are no reasons to assume that just one physical

mechanism of wave energy attenuation in ice dominates

over others. The often repeated question “scattering or

dissipation?” is misleading. Although our understanding

of processes accompanying wave evolution in sea ice is far

from complete, we do have enough evidence to

acknowledge that both scattering and several different

dissipative processes lead to wave energy attenuation in

sea ice, in proportions that depend on ice and forcing

conditions, i.e., vary in space and time. Moreover, energy

input and wave–wave interactions do play a role as well,

especially when ice concentration A<1 (see Herman and

Bradtke, 2024, for an example of a net wave growth in ice).

Thus, it is generally more appropriate to speak of wave

evolution rather than wave attenuation in sea ice.

• Accordingly, calibrating models representing a single

physical process to observations should be avoided,

especially if it requires setting unrealistic values to
FIGURE 2

Apparent attenuation “observed” in the results of a simple, one-
dimensional spectral wave model run with a constant ice
concentration and wind speed, as described in the Supplementary
Information. There are seven model runs grouped into three wind
speed classes. Color circles represent aa computed as in Equation (2),
between point A at the model boundary and point B located at
distance dAB between 500 m and 500 km from A. The mean aa(f) is
shown with gray circles, and the gray line is a least-square fit to aa(f);
it has a slope 3.2. The thick violet line shows aice(f) used in the Sice
term in the model. Note that the clouds of points of different
colors overlap.
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Fron
physically meaningful coefficients (ice bottom roughness,

shear modulus, etc.). Many researchers, including the

author of this paper, have done that in spite of being fully

aware of the flaws of this approach (e.g., Cheng et al., 2017;

Herman, 2021). Instead, we should try to constrain values

of coefficients based on dedicated, theory-supported

laboratory and field observations, and thus estimate the

relative contribution of a given process to the total observed

energy dissipation under a given combination of conditions.

The works by Boutin et al. (2018); Voermans et al. (2019),

or Smith and Thomson (2020) are very good examples of

this approach.

• Theoretical models describing physical mechanisms of wave

energy dissipation in sea ice are often judged by the value of

the power n (in the relationship aice ∼ f n) they predict, and

n ≫  4 is considered an argument against a given physical

process as a candidate to explain the observed attenuation

(Meylan et al., 2018).Vice versa, models predicting 2<n<4 are

regarded as promising. However, this reasoning disregards,

first, the difference between the apparent attenuation aa and

the ice-related attenuation aice, which might have different

frequency dependence (recall the numerical experiment

above), and second, the fact that the physical process

described by a given model might account for just a small

fraction of the total observed attenuation. Thus, at least some

models with relatively high nmight be much better than their

value of n suggests.

• Depending on the relative contributions of all source terms

on the right-hand side of Equation (5), the shape of the

resulting attenuation curves might be different. In situations

when linear processes (e.g. scattering) dominate,

exponential attenuation can be expected, but there is no

reason why this shape should be universal. It is quite

remarkable how strong the wave-in-ice community’s

attachment towards exponential attenuation is. The

treatment of turbulent dissipation under the ice is a very

good example. Turbulence is an inherently nonlinear

process. Nevertheless, in their seminal paper Liu and

Mollo-Christensen (1988) attempted to account for it by

simply replacing the molecular viscosity of water with a

constant eddy viscosity, disregarding the dependence of the

latter on flow conditions, that is, in this case, on wave

amplitude. Kohout et al. (2011) showed that nonlinear ice–

water drag leads to non-exponential attenuation, but

decided to approximate the resulting wave profiles with

exponential curves. Later, Stopa et al. (2016) and Boutin

et al. (2018) used a nonlinear model, with an attenuation

coefficient dependent on wave energy through its

dependence on the amplitude of wave orbital velocity, but

failed to recognize that nonlinearity in the analysis and

interpretation of their results. Crucially, as noted earlier,

spectral models do not rely on any assumptions about the

form of the “long distance” attenuation, and any functional

form of the ice-related source terms, including their linear

or nonlinear dependence on wave energy, can be handled

without problems.
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• More attention should be directed towards wave generation

and wave–wave interactions in (partial) ice cover. Only very

few studies concentrate on the theory of wave growth (Zhao

and Zhang, 2020) and nonlinear energy transfer (Polnikov

and Lavrenov, 2007; Pierce et al., 2024) in sea ice, in spite of

clear evidence that these processes are important, especially

under high-wind conditions (Li et al., 2015; Cooper et al.,

2022; Herman and Bradtke, 2024).

• The difference between aa and aice must be taken into

account by calibration of spectral wave models to

observational data. The task is to find the functional

form and values of parameters not only of the Sdsi,ice
term, but all terms on the right-hand side of Equation

(5). The fact that so far this is done for just a small subset

of parameters, with others arbitrarily kept constant,

explains the very large scatter of fitted aice values in

model calibration studies (e.g., Rogers et al., 2016). The

high number of dimensions of the parameter space is the

major challenge that cannot be avoided, independently of

whether physics-based or data-based (Rogers et al., 2021;

Yu et al., 2022) models are used.
The last point on the list brings us back to the issue of

observational data necessary to face the challenges. The

experience so far shows, not surprisingly, that even in simple

laboratory settings many different combinations of adjustable

coefficients can reproduce observations if those are limited to

profiles of wave amplitude (Herman et al., 2019). Thus,

observations of apparent attenuation are useful for model

validation, whereas model development seems feasible only with

dedicated measurements of possibly large number of variables

collected under relatively straightforward conditions and

informed by theory.
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